Kelp bass (Paralabrax clathratus) and leopard sharks (Triakis semifasciata) are characterized by an acellular (anosteocytic) bony skeleton and a focally calcified cartilaginous endoskeleton, respectively. These skeletal forms are not considered to function as mineral reservoirs. Previous studies showed that implanted bone particles are resorbed in rats by large multinucleated cells with ultrastructural features (ruffled borders) characteristic of osteoclasts. We tested the ability of fish to resorb bone matrix and to adapt to reduced salinity conditions. Bone particles were implanted in sharks and bass maintained in seawater (34 ppt, 40.5 mg of calcium per dl) or in diluted seawater (26 ppt, 28.5 mg of calcium per dl). Sera and elicited tissues were harvested 4 weeks later. In sharks, bone particles were not resorbed, and multinucleated cells were not evident under either normal or hyposalinity conditions. Shark sera were isoosmolar with the seawater or diluted seawater, with serum chemistries of the hyposalinity group reflecting the 23% reduction in environmental minerals and electrolytes, compared to sharks in normal seawater. In marked contrast, bass adapted to diluted seawater resorbed bone particles and maintained normal serum chemistries. Electron microcopy showed that the bone particles were surrounded by large, foamy multinucleated cells, many with membrane specializations typical of osteoclasts from higher vertebrates, i.e., extensive clear zones apposed to intact bone matrix and active ruffled borders overlying areas of matrix undergoing dissolution. Although osteoclasts had not been described in these fish, this study shows that bass have stem cells that can be stimulated to differentiate into bone-resorbing osteoclasts.
Shark sera were isoosmolar with the seawater or diluted seawater, with serum chemistries of the hyposalinity group reflecting the 23% reduction in environmental minerals and electrolytes, compared to sharks in normal seawater. In marked contrast, bass adapted to diluted seawater resorbed bone particles and maintained normal serum chemistries. Electron microcopy showed that the bone particles were surrounded by large, foamy multinucleated cells, many with membrane specializations typical of osteoclasts from higher vertebrates, i.e., extensive clear zones apposed to intact bone matrix and active ruffled borders overlying areas of matrix undergoing dissolution. Although osteoclasts had not been described in these fish, this study shows that bass have stem cells that can be stimulated to differentiate into bone-resorbing osteoclasts.
In most vertebrates the skeleton, in addition to its structural function, serves as a reservoir for dietary minerals, especially calcium. To maintain calcium homeostasis, bone cells, under the influence of bone-active hormones such as parathyroid hormone, can mobilize minerals from the bone (1) . In this way serum calcium levels can be tightly regulated between meals or during mineral stress. The ancestors of modem fish placoderms and ostracoderms are thought to have evolved in brackish waters (2) . According to the fossil record, functional features, namely cellular lacunae and trabeculae, suggest that these ancient fish could use their skeleton as a mineral reservoir. As fish have evolved, the efficiency of calcium transport by the gills has increased considerably, so that in modem freshwater fish, the skeleton does not play an important role in mineral homeostasis. Because marine fish live in a very calcium-rich environment (40 mg/dl) relative to serum calcium (10-14 mg/dl), it is even less advantageous that they have mineral stores. This may account for the regression to acellular (anosteocytic) bone in many extant teleosts (3) . Although acellular bone contains no osteocytes, its formation depended upon the activity of osteoblasts that either withdrew from or were fatally buried within mineralized matrix (4) . There is some dispute whether such acellular bone is "alive." Using freshwater species, Moss (5) showed that acellular-boned fish, in contrast to cellular-boned fish, cannot repair fractures when environmental or dietary calcium is restricted. Fleming (6) , however, considered that mineral could be exchanged from acellular bone, but at a very slow rate. Multinucleated osteoclasts with characteristic ruffled borders have not been found in marine fish, even in sites of apparent repair or remodeling (5, 7) . Tetrapod evolution to terrestrial life required the development of mechanisms of mineral homeostasis from skeletal stores, including the acquisition of osteocytes, osteoclasts, and parathyroid glands (8) .
The subcutaneous implantation of devitalized, mineralcontaining bone particles in rats elicits the recruitment and differentiation of multinucleated cells that resorb the implanted bone particles (9) . These [3] [4] kg each, and kelp bass (Paralabrax clathratus), 2-3 kg each, were netted in near-shore waters and maintained at the Scripps Aquarium, La Jolla, CA, on a diet of mackerel and squid. Some specimens were adapted to open tanks containing seawater gradually mixed with fresh water until the salinity was reduced from 33.7 to 26.0 parts per thousand (ppt). The animals were equilibrated to reduced salinity for 1-2 weeks before implantation with test materials (bone particles).
Bone particles (75-250 ,m) were prepared from rat long bones and from bass vertebrae as described (9) . Cellular and potentially inflammatory components were removed from the devitalized bone particles by extractions in ethanol and anhydrous ether (9) . Fish Values for sera are mean ± SD. BUN, blood urea nitrogen. *Alkaline phosphatase is total serum alkaline phosphatase. tNumbers in parentheses are numbers of fish in each group. tSignificant difference from control, P < 0.01. lateral intramuscular pockets that were closed with interrupted polypropylene suture. After 4 weeks in the various tank conditions, the animals were anesthetized, blood was collected from the caudal hemal canal, and the remaining bone particles and surrounding tissues were harvested and prepared for light (12) and electron microscopy (10 Table 1 presents the composition of water in the two tanks and of sera from sharks and bass at the end of the experiment. Control bass sera had lower values than sharks in osmolarity, blood urea nitrogen (BUN), sodium, calcium, and chloride and had higher values in phosphorus, protein, and alkaline phosphatase. Serum osmolarity, BUN, most serum electrolytes, and minerals were significantly reduced in the sharks maintained in the diluted seawater tank for a total of 6 weeks. These reductions were proportional to the 23% reduction in salinity of the water. In contrast, sera from bass that were adapted to the experimental (diluted seawater) tank for 6 weeks were indistinguishable from controls (seawater) with the exception of chloride, which showed a small (7%) reduction. Thus the shark sera reflected the environmental conditions, but the bass homeostatic mechanisms maintained most serum components constant.
RESULTS
All incisions healed uneventfully. Light microscopic evaluation of bone particle specimens from the sharks revealed the inertness of the bone particles. There was no evidence of inflammation or foreign body reaction. Bone particles were surrounded by loose connective tissue and their profiles showed no evidence of surface resorption. Sections from control and experimental sharks were identical in these features. In marked contrast, specimens from bass in the experimental, hyposalinity environment showed an abundance of large, foamy multinucleated cells, evidence of extensive resorption of the bone particles, and mild fibrosis ( Fig. 1 A and B) . Electron microscopic analysis of randomly selected portions of specimens from hyposalinity bass revealed very large, multinucleated cells with abundant mitochondria, granular endoplasmic reticulum, cytoplasmic vacuoles and granules, and microvilli on the free cell surface. In many sections, clear zones of attachment to underlying bone particle substrate and ruffled borders opposing areas of the bone particle substrate that had the appearance of frayed collagen fibrils were seen (Fig. 2) . Tissue reaction was the same for implanted rat or bass bone particles. These ultrastructural features are characteristic of in osso osteo- 
DISCUSSION
The technique of subcutaneous implantation of bone particle permits the evaluation of (i) the recruitment of osteoclast progenitors and their differentiation into bone-resorbing osteoclasts and (ii) the mechanisms and regulation of their resorption of bone substrate. The recruitment of cells is synchronized and concentrated because of the large surface area for cell-substrate interaction. Implants avoid the sampling and technical limitations inherent in attempts to analyze the intact skeleton and reflect, in a more concentrated way, the state of resorption (11) (12) (13) . In this way, we have shown the development of bone-resorbing osteoclasts in bony kelp bass, but not in cartilaginous sharks, after the fish had been acclimated to conditions of reduced salinity. These results suggest that osteoclast-mediated bone resorption may occur in marine species if subjected to mineral perturbations. Lopez et al. (14) have presented light micrographic evidence for modulation of osteoclasts in the cellular bone of silver eels (Anguilla anguilla L.).
Known, or as yet unidentified, calcitropic hormones may regulate osteoclast differentiation and regulation in the bass under these circumstances. The complex endocrine control of mineral metabolism in birds and animals with cellular bone is mediated by three major hormones, parathyroid hormone, vitamin D metabolites, and calcitonin. Fish do not have parathyroid glands, although they may have other sources of parathyroid hormone-related substances (15) . In addition, the role of the hypophysis in calcium regulation in freshwater fish has been recognized (16) . Evidence has been presented that prolactin (17) or parathyroid hormone-related hypercalcin (18) may be the hypercalcemic factors of the hypophysis. Information on the contribution of 1,25-dihydroxyvitamin D in fish is limited, but some studies suggest that the metabolite stimulates intestinal uptake of calcium (19, 20) . Our observations show osteoclast-mediated bone resorption in fish and suggest the existence of hormones or factors that mediate this phenomenon. The detection of high levels of circulating calcitonin in sharks (21) and fish (22) and the discovery of the unexpected hypercalcemic effect of synthetic calcitonin in sharks, but not in bony fish (23) , have renewed interest in the target cells of mineral-regulating hormones in marine fish. Bone cells responsible for calcium flux out of bone in nonaquatic vertebrates are not generally considered essential for mineral homeostasis in marine fish because of the abundant supply of calcium in seawater. In fish, calcium balance studies have shown regulated, bidirectional fluxes of calcium over epithelial organs-skin (24), gills (25) , the gastrointestinal tract (26) , and kidneys (27) . A more extreme example of the lack of a mineral reserve in the skeleton is exemplified by the Chondrichthyes (sharks and rays) that have an almost completely cartilaginous skeleton. The cartilage is only minimally calcified in areas where rigidity is needed.
Osteoclasts have been recognized as the cellular agents of bone resorption since 1873 (28) . On the basis of labeling experiments in newts, Fischman and Hay (29) showed in 1962 that multinucleated osteoclasts in regenerating forelimbs arise by the fusion of mononuclear leukocytes. With electron microscopic radioautographic techniques in parabiotic rats, Gothlin and Ericsson (30) showed that circulating monocytes can function as preosteoclasts. The precise identity of the osteoclast progenitor, its relationship to the progenitor of foreign body cells, and factors involved in osteoclast recruitment and differentiation remain unknown for all species. The present study shows that bass have stem cells that can be stimulated to differentiate to osteoclasts. These progenitors may arise from the spleen or liver. Cartilaginous sharks, however, appear to lack the cellular or humoral factors necessary for this recruitment. Further studies in these species may provide information about the mechanisms and regulation of osteoclast differentiation.
